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Dimensional Analysis
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Caution !!!

–1.2. Jedinice mere i dimenziona analiza 17

izbor �, ⇥ za koji bi proizvod (me)�(Ze2)⇥ imao dimenzije energije, ML2

T2 . Za formulu koja daje
energiju atoma vodonikovog tipa nam onda treba bar još jedna karakteristična veličina, čije su
dimenzije (jedinice mere) različite od [me] i [Ze2].

Bohr-ov postulat⇤ uvodi takvu jednu novu veličinu: h̄. Njene jedinice su [h̄] = ML2

T , kao za
ugaoni momenat. Sa tom novom veličinom imamo:

[EH] =
M L2

T2 = [(me)
x][(Ze2)y][h̄z] = Mx

�M L3

T2

⇥y �M L2

T

⇥z
=

Mx+y+z L3y+2z

T2y+z , (–1.22)

pa sledi da
x + y + z = 1,

3y + 2z = 2,
2y + z = 2,

⌅
 �

 ⌃
⌅

⇤
⌥

⇧

x = 1,
y = 2,
z = �2,

(–1.23)

odnosno:
EH �

me (Ze2)2

(4⌅⇤0)2 h̄2 , (–1.24)

što daje sasvim korektnu zavisnost od karakterističnih konstanti: me, Z, e2 i h̄!
Od dosada zadatih veličina, me, (Ze2), h̄, (–1.24) je jedina ”jednostavna“ formula sa korekt-

nim dimenzijama. Osim toga, od te tri veličine nije moguće napraviti kombinaciju bez dimenzije:

x + y + z = 0,
3y + 2z = 0,
2y + z = 0,

⌅
 �

 ⌃
⌅

⇤
⌥

⇧

x = 0,
y = 0,
z = 0,

(–1.25)

tako da nije moguće modifikovati formulu (–1.24) nekim stepenom (ili čak proizvoljnom funkci-
jom) bez-dimenzione konstante. To bi značilo da je rezultat (–1.24)—do na numeričke faktore
tipa 2⌅, itsl. egzaktan.

Pošto znamo da jednostavna fomula tipa (–1.24) ne daje kompletan opis (postoji tzv. fina
struktura nivoa i Lamb-ov pomak, koji su nekoliko reda veličine manji od EH), znači da energija
vodonikovog atoma mora da zavisi od bar još jedne karakteristične fizičke veličine!

I stvarno,

En = �2�2 (mec2)
Z2

(2n)2 , � :=
e2

(4⌅⇤0)h̄c
⇥ 1

137.036
. (–1.26)

Prava formula za energiju vodonikovog atoma mora da zavisi i od brzine svetlosti15, c, pa stoga
mora da postoji16 i bezdimenziona konstanta �. Stoga, dimenziona analiza može da predvidi
samo

En � f (�; n) (mec2), (–1.27)

bez ikakve informacije o proizvoljnoj funkciji f (�; n).
15 Vodonikov atom jeste relativistički problem: mada se elektron i proton kreću ne-relativistički, Coulomb-ovo se

polje⇤stalno prilagodava—brzinom svetlosti—promeni pozicije elektrona i protona.
16 Detaljnije forme dimenzione analize navode rezultat koji dozvoljava da izračunamo koliko nezavisnih bezdimen-

zionih konstanti očekujemo, što se ponekad zove ”Pi teorema⇤“ [46].
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što daje sasvim korektnu zavisnost od karakterističnih konstanti: me, Z, e2 i h̄!
Od dosada zadatih veličina, me, (Ze2), h̄, (–1.24) je jedina ”jednostavna“ formula sa korekt-
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tako da nije moguće modifikovati formulu (–1.24) nekim stepenom (ili čak proizvoljnom funkci-
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x + y + z = 0,
3y + 2z = 0,
2y + z = 0,

⌅
 �

 ⌃
⌅

⇤
⌥

⇧

x = 0,
y = 0,
z = 0,

(–1.25)
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But, that clearly is not all of it!

Hydrogen atom
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3

!e true formula must depend on c:
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tipa 2⌅, itsl. egzaktan.
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–1.3. The Quantum Nature of Nature and Limits of Information 27

3. Atomic nuclei show structure in collisions; atomic nuclei may even be broken into
smaller nuclei an/or their constituents, protons and neutrons (jointly called nucleons);
the resulting parts may be permanently separated, i.e., the restoring forces have a
finite range.

4. Atoms show structure in collisions; atoms may be ionized by extracting one or more
electrons; the restoring force between the positive ion and the extracted electron
however has an infinite range, whereby it is not possible to permanently separate
them.

5. Molecules show structure in collisions; molecules may be broken (dissociate) into
smaller molecules and/or atoms; the resulting parts may be permanently separated,
i.e., the restoring forces have a finite range.

A remark is in order. Strong nuclear interactions that bind quarks into a proton are
related but not the same as the forces between the proton and the neutron (within atomic
nuclei). The latter forces are called “residual”, just as some of the molecular forces between
otherwise neutral atoms stem from electromagnetic interactions between somewhat sepa-
rated constituent parts of these atoms (electrons and nuclei). However, even these residual
forces are much stronger than the electromagnetic ones, since the Coulomb repulsion be-
tween positive protons is overpowered within the nucleus. The weak nuclear interaction
also has characteristics of a spring-like restoring force, but is crucially different from the
strong nuclear force as the quanta of its field, the W± and Z0 particles, have mass. In turn,
the strong nuclear force field quanta, so-called gluons, are massless just as are photons.

–1.3.3 . . . and Smallest: Limits of Information
A⌅oµo⇥

It would seem that the (spatial) resolution of measuring apparatuses could, at least in prin-
ciple, be made arbitrarily fine, but this is not the case. A glance at figure –1.4, p. 10 shows
that something unexpected happens when the spatial resolution improves to the point of
detecting details smaller than about 10�35 m, around the Planck length. It is not hard to see
what happens. Recall that, for detecting ever smaller details, the probe must have an ever
larger energy, since the de Broglie wavelength of the probe is

�s =
2⇤ h̄

ps
=

2⇤ h̄⇥
2msEs

, i.e., =
2⇤ h̄ c

Es
, (–1.40)

for a non-relativistic and for an ultra-relativistic probe, respectively, and where ms is the
mass of the probe and Es its total energy.

During interaction with the “target”, the probe and the target temporarily form a com-
bined system, the total mass of which is the sum of the target mass and the probe mass-
equivalent of the total energy of the probe: mm+s = mm + Es/c2. Thus, as the probe energy
grows, so does the total mass of the system target+probe during the interaction.

Now, the situation becomes interesting owing to gravity effects, and the fact that the
gravitational field of the system grows (linearly) with the total mass of the system. Since the
gravitational field grows, so does the “separation speed”25. Furthermore, the gravitational
25 This speed is is often called the “escape velocity”, as it pertains to the successful launching of a projectile with

a speed that suffices for the projectile to escape from the gravitational field of a (much larger) planet. The
principle is however perfectly general, and equally applies to the separation of two objects after collision, as
here.
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Fundamental Distance

De Broigli wave-length:

Event horizon:

4
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sagledavanja manjih i manjih detalja, sonda mora da ima veću i veću energiju, pošto je de Broigli-
eva talasna dužina sonde

�s =
2⇥ h̄

ps
=

2⇥ h̄⌥
2msEs

, ili =
2⇥ h̄c

Es
, (–1.40)

za nerelativističku i za ultra-relativstičku sondu, respektivno, i gde je ms masa sonde a Es njena
totalna energija.

U toku interakcije sa ”metom“, sonda i meta privremeno čine kombinovani sistem, čija je
totalna masa suma mase mete i masenog ekvivalenta totalne energije sonde: mm+s = mm + Es/c2.
Stoga, kako se energija sonde povećava, tako se povećava i totalna masa sistema meta+sonda u
toku interakcije.

E sad, situacija postaje interesantnija pod uticajem gravitacije, i činjenice da gravitaciono
polje sistema raste (linearno) sa totalnom masom sistema. Kako gravitaciono polje raste, tako
raste i ”brzina razdvajanja“22; štavǐse, gravitaciono polje nije konstantno već raste neograničeno,
kao 1/r, kada r ⇧ 0, tako da je brzina razdvajanja mnogo veća blizu gravitacionog centra nego
dalje od njega. Ako su i meta i sonda dovoljno male da se mogu aproksimirati kao tačkaste, na
Schwarzschild-ovoj razdaljini

rS =
2 GN (mm + Es/c2)

c2 , (–1.41)

brzina razdvajanja postane jednaka brzini svetlosti u vakuumu, i sonda vǐse ne može da se odvoji
od mete. Ovaj rezultat važi (i meta i sonda su ”dovoljno male“) ako ni meta ni sonda nemaju
nikakvu strukturu veću od razdaljine (–1.41). Dakle, kada energija sonde poraste dovoljno da
je njeno razlučenje jednako Schwarzschild-ovoj razdaljini, meta ”proguta“ sondu i ova ne može
izneti nikakvu informaciju: meta sada izgleda kao crna rupa:

rS � �s ⌃ 2 GN (mmc2 + Es)
c4 � 2⇥ h̄c

Es
(–1.42)

⌃ Es �
⌥

⇥ mP c2, (–1.43)

za ultra-relativističku sondu: nije se teško uveriti da Es/c2 ⌅ mm, ms, i ps ⇥ Es/c. (U obratnom
graničnom slučaju, kada Es/c2 ⇤ mm, ms i ps ⇥

⌥
2msEs, sonda nema dovoljnu rezoluciju da se

približi meti i testira njenu strukturu.)
Naravno, ovaj argument ekstrapolira preko mnogo redova veličine u razdaljini, i zasniva se

na sadašnjem razumevanju gravitacije i kvantne mehanike. Medutim, valja primetiti da kvalitati-
van deo argumenta počiva na činjenicama:

1. razlučene razdaljine opadaju (rezolucija se popravlja) sa rastućom energijom sonde,
2. razdaljina na kojoj ”brzina odvajanja“ postane prevelika raste sa totalnom masom
3. masa (mera inercije) i energija (mera sposobnosti vršenja rada) su različite manifestacije

jedne te iste stvari.
22 Ova se brzina češće zove ”kosmička brzina“, jer se obično odnosi na opis uspešnog lansiranja projektila brzinom

koja je dovoljna da se projektil odvoji od gravitacionog privlačenja neke (mnogo veće) planete. Princip je medutim
potpuno generalan, i jednako se tiče i razdvajanja dva objekta posle sudara, kao ovde.
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kao 1/r, kada r ⌃ 0, tako da je brzina razdvajanja mnogo veća blizu gravitacionog centra nego
dalje od njega. Ako su i meta i sonda dovoljno male da se mogu aproksimirati kao tačkaste, na
Schwarzschild-ovoj razdaljini

rs =
2 GN mm+s

c2 , ⌥� v1 =

�
2GN mm+s

rs
= c, (–1.41)

brzina razdvajanja postane jednaka brzini svetlosti u vakuumu, i sonda vǐse ne može da se odvoji
od mete. Ovaj rezultat važi (i meta i sonda su ”dovoljno male“) ako ni meta ni sonda nemaju
nikakvu strukturu veću od razdaljine rs prema izrazu (–1.41). Alternativno, setimo se da se, zbog
kvantne prirode Prirode, sonda može tretirati kao talas, sa de Broglie-jevom talasnom dužinom
� = 2⇥ h̄/p. Ta talasna dužina je najmanja za ultra-relativističku sondu sa ps ⇤ Es/c, pa je
�s � 2⇥ h̄c/Es. Kada se de Broglie-jeva talasna dužina smanji do reda veličine Schwarzschil-
dovog radijusa, odnosno kada energija sonde poraste dovoljno da je njeno razlučenje jednako
Schwarzschild-ovom radijusu, meta ”proguta“ sondu i ova ne može izneti nikakvu informaciju iz
sfere radijusa rs: meta sada izgleda kao crna rupa:

rs ⇥ �s � 2 GN (mmc2 + Es)
c4 ⇥ 2⇥ h̄c

Es
(–1.42)

� Es ⇥
 

⇥ mP c2, (–1.43)

za ultra-relativističku sondu: nije se teško uveriti da Es/c2 ⇧ mm, ms, i ps ⇤ Es/c. (U ne-
relativističkom graničnom slučaju, kada Es/c2 ⌅ mm, ms i ps ⇤

 
2msEs, sonda nema dovoljnu

rezoluciju da se približi meti i testira njenu strukturu.)

Naravno, ovaj argument ekstrapolira preko mnogo redova veličine u razdaljini, i zasniva se
na sadašnjem razumevanju gravitacije i kvantne mehanike. Medutim, valja primetiti da kvalitati-
van deo argumenta počiva na činjenicama:

1. razlučene razdaljine opadaju (rezolucija se popravlja) sa rastućom energijom sonde,
2. razdaljina na kojoj ”brzina odvajanja“ postane prevelika raste sa totalnom masom,
3. masa (mera inercije) i energija mirovanja (mera sposobnosti vršenja rada bez doprinosa

usled kretanja) su proporcionalne jedna drugoj.
Već i iz ovoga sledi da minimalna razdaljina/veličina objekata/sistema u Prirodi postoji. Ako
se možemo osloniti i na kvantitativne detalje argumenta, najmanja razlučiva razdaljina od oko
⇥10�35 m sledi jednoznačno.

Ako je Priroda sazdana od elementarnih čestica (koje, po definiciji, nemaju nikakvu struk-
turu), onda ove moraju da se čine minijaturnim crnim rupama. Njihov horizont dogadaja26 mora
da čini zatvorenu površinu čiji ni jedan detalj manji od ⇥10�35 m ne može da se razluči. Tako bi
elementarne čestice bez mase morale da izgledaju kao minimalne, ⇥10�35 m, sferno-simetrične
crne rupe. Masivne bi imale veći horizont i mogu imati komplikovaniji oblik, ali opet razlučivi
detalji moraju da budu veći od oko ⇥10�35 m [v. digresiju 7.6, str. 335].
26 Izraz ”horizont dogadaja“ ovde označava granicu (graničnu površ) u prostoru koja potpuno okužuje crnu rupu, i

iz koje nǐsta ne može da izade zbog zarobljavajuće jake gravitacije.

non-relativsitic relativsitic

escape velocity

Willy-nilly, things are unobservable within rS
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22 Chapter –1. The Nature of Observing Nature

Table –1.1: Natural (Planck) units and their SI equivalent values

Name Expression SI Equivalent Practical Equivalent

Length �P =
�

h̄GN
c3 1.616 25⇥10�35 m

Mass mP =
�

h̄ c
GN

2.176 44⇥10�8 kg 1.220 86⇥1019 GeV/c2

Time tP =
�

h̄GN
c5 5.391 24⇥10�44 s

El. Charge⇤ qP =
⌃

4⇤⇥0 h̄ c 1.875 55⇥10�18 C e/
⌃

�e ⇧ 11.706 2 e
Temperature TP = 1

kB
mPc2 1.416 79⇥1032 K

⇤�e ⇧ 1/137.035 999 679 for low-energy scattering, but grows a little to about 1/126 near ⌅ 100 GeV energies.

In fact, the natural units in table –1.3, p. 22 are not very convenient even for (today’s)
typical elementary particle physics: the electron mass is me = 4.185 45 ⇥ 10�23 mP! There-
fore, one frequently uses units such as “MeV/c2”, so me = 0.510 999 MeV/c2. In this system of
“particle physics” units, we formally state h̄ = 1 = c—that is, we use the unit system where
h̄ and c are two of the basic three units, and then do not write them. All physical quantities
can then be expressed as various powers of one particular unit of measurement, for which
the usual choice is energy, and for which one typically uses the “eV” unit, with the usual SI
prefixes. The table –1.2 lists some relations typically useful in calculations.

Table –1.2: Some typical physical quantities, expressed in “particle physics” and SI units

Quantity Particle Physics SI Equivalent

Energy x MeV = x ⇥ 1.602 18 ⇥ 10�13 J
Mass x MeV/c2 = x ⇥ 1.782 66 ⇥ 10�30 kg
Length x h̄c/MeV = x ⇥ 1.973 27 ⇥ 10�13 m
Time x h̄/MeV = x ⇥ 6.582 12 ⇥ 10�22 s

–1.3.1 Smaller, and smaller, and . . .
“I must be shutting down as a telescope! ”

— Alice, in Wonderland (Lewis Carroll)

To a great extent, the division and analysis of phenomena, processes and systems happens
just just as it does in the most obvious application of the black box paradigm, i.e., in mi-
croscopy. Light hits the object under scrutiny (the black box, figuratively) and the reflected
light is guided through a system of lenses and/or mirrors to form a magnified image for the
observer to see. The difference between the so-reflected light and that which would have
arrived to the observer’s eye were the observed object removed is the image of the object
contrasted with its background. As an amplification of our natural eye, a microscope is used
to (quite literally) see into the structure of various material objects. In this, it is worth noting
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Table –1.1: Natural (Planck) units and their SI equivalent values

Name Expression SI Equivalent Practical Equivalent

Length �P =
�

h̄GN
c3 1.616 25⇥10�35 m

Mass mP =
�

h̄ c
GN

2.176 44⇥10�8 kg 1.220 86⇥1019 GeV/c2

Time tP =
�

h̄GN
c5 5.391 24⇥10�44 s

El. Charge⇤ qP =
⌃

4⇤⇥0 h̄ c 1.875 55⇥10�18 C e/
⌃

�e ⇧ 11.706 2 e
Temperature TP = 1

kB
mPc2 1.416 79⇥1032 K

⇤�e ⇧ 1/137.035 999 679 for low-energy scattering, but grows a little to about 1/126 near ⌅ 100 GeV energies.

In fact, the natural units in table –1.3, p. 22 are not very convenient even for (today’s)
typical elementary particle physics: the electron mass is me = 4.185 45 ⇥ 10�23 mP! There-
fore, one frequently uses units such as “MeV/c2”, so me = 0.510 999 MeV/c2. In this system of
“particle physics” units, we formally state h̄ = 1 = c—that is, we use the unit system where
h̄ and c are two of the basic three units, and then do not write them. All physical quantities
can then be expressed as various powers of one particular unit of measurement, for which
the usual choice is energy, and for which one typically uses the “eV” unit, with the usual SI
prefixes. The table –1.2 lists some relations typically useful in calculations.

Table –1.2: Some typical physical quantities, expressed in “particle physics” and SI units

Quantity Particle Physics SI Equivalent

Energy x MeV = x ⇥ 1.602 18 ⇥ 10�13 J
Mass x MeV/c2 = x ⇥ 1.782 66 ⇥ 10�30 kg
Length x h̄c/MeV = x ⇥ 1.973 27 ⇥ 10�13 m
Time x h̄/MeV = x ⇥ 6.582 12 ⇥ 10�22 s

–1.3.1 Smaller, and smaller, and . . .
“I must be shutting down as a telescope! ”

— Alice, in Wonderland (Lewis Carroll)

To a great extent, the division and analysis of phenomena, processes and systems happens
just just as it does in the most obvious application of the black box paradigm, i.e., in mi-
croscopy. Light hits the object under scrutiny (the black box, figuratively) and the reflected
light is guided through a system of lenses and/or mirrors to form a magnified image for the
observer to see. The difference between the so-reflected light and that which would have
arrived to the observer’s eye were the observed object removed is the image of the object
contrasted with its background. As an amplification of our natural eye, a microscope is used
to (quite literally) see into the structure of various material objects. In this, it is worth noting
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Linked by
coincidence triggers

{
Historical Inventory & Lessons

Production
Cosmic rays: the spectrum includes very high-energy 
particles, but is completely uncontrollable
Radioactive materials: α,- β- and γ-particles, neutrons…
irradiated (by, say, synchrotron radiation) materials…
Particle accelerators (& targets), beam-to-beam colliders
accelerate by means of electric and magnetic !elds

Detection
Geiger, scintillation and Cherenkov counters
Cloud,- bubble,- spark,- proportional chambers
photographic emulsion

6
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Historical Inventory & Lessons

Experimental Predispositions
In 1909 a table-top experiment discovered the nucleus
One could “play around” and…
…be surprised.
In the la"er half of the
20th century…
…a G$-worth hole in the ground was !lled back (more$)
CERN is a multi-national/political/budget/… facility
#e US DoE (funds e.g. Fermilab) has –18.9% budget…
…you may need to learn Mandarin. 

7

Had a certain gentleman of means

not had the penchant for prodding

cut-off &og legs with wires…

…a socio-political digression

Tuesday, November 1, 11



Historical Inventory & Lessons

Experimental Predispositions
Nowadays, high-energy/elementary particle experiments
are carefully orchestrated multi-national/political/budget 
endeavors, planned and executed on 5–15+-year scales
willy-nilly test known theory, and are limited thereby
No more “unbridled”/accidental experimenting…
While theory develops (tempus fugit) by leaps and bounds
Need an experimental paradigm radically different from

smashing experiments (à la Rutherford)
waiting experiments (proton decay)

8

…a socio-political digression

Tuesday, November 1, 11



Elementarity

Fundamental interactions
Electromagnetic interaction (Maxwel equations)
Strong nuclear interaction

~1930: something like that must exist
a%er 1970–’80: QCD

Weak nuclear interaction
before 1970–’80: Fermi’s β-decay and…
a%er 1970–’80: weak (now electro-weak) interaction

Gravitation
Are all gauge (German: eichen) interactions

9

…the modern version of Democritus’ idea
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Elementarity

Nuclei and electrons interact via Coulomb’s "eld
Coulomb’s "eld adapts to nuclear and electron motion 
at the speed of light

Nuclei and electrons are imagined as particles
Electromagnetic "eld — as a continuum

And changes in the electromagnetic "eld?
Field quantization = quantization of changes in the "eld
!e "eld itself is continuous, in which changes are:

particles, if localized in position space 
waves, if localized in momentum space

10

…the fusion of particles and their interactions

Tuesday, November 1, 11



interaction4-current

Coulomb’s "eld is a (background) continuum
Quanta of the change in Coulomb’s "eld are particles
Background continuum of Coulomb’s "eld may be 
viewed as a (Bose-)condensate of photons
Besides:

In the EoM of the "eld, p+- and e–-currents = “source”
In the EoM of p+ and e–, the "eld provides nonlinearity

11

3.2. Kvantna elektrodinamika sa leptonima 171

= �(x)
⇧
⇤⇤⇤⇤µ�h̄c i µ � q� Aµ

⇥
�mc2

⌃
�(x)

� 4⌃⇥0
4 ( µ A⇧� ⇧Aµ)⌅

µ⌥⌅⇧�( ⌥A�� �A⌥). (3.95)

Digresija 3.8: Jednačine kretanja⇤za Aµ(x) dobijamo varijacijom lagranžijanske gustine (3.95) po Aµ,
ili Hamiltonivskog dejstva

⇤
d4x LQED po Aµ(x). Naime, koristeći da je

�

�A⌥(y)
F (Aµ(x), ( µ A⇧(x), . . . ) = �4(x�y)

 

 A⌥(x)
F (Aµ(x), ( µ A⇧(x), . . . ), (3.96a)

�

�( ⌥A�(y))
F (Aµ(x), ( µ A⇧(x), . . . ) = �4(x�y)

 

 ( ⌥A�(y))
F (Aµ(x), ( µ A⇧(x), . . . ), (3.96b)

imamo opšti rezultat
�

�A⌥(x)

⌅
d4y F

�
Aµ(y), ( µ A⇧(y))

⇥
=

⌅
d4y

�

�A⌥(x)
F

�
Aµ(y), ( µ A⇧(y))

⇥
, (3.96c)

=
⌅

d4y �4(x�y)
 

 A⌥(y)
F

�
Aµ(y), ( µ A⇧(y))

⇥
=

 

 A⌥(x)
F

�
Aµ(x), ( µ A⇧(x))

⇥
. (3.96d)

Koristeći onda
 

 A⌥(x)
Aµ(x) = �

⌥
µ,

 

 A⌥(x)
�
 µ A⇧(x)

⇥
= 0, (3.96e)

 

 ( ⌥A�(x))
Aµ(x) = 0,

 

 ( ⌥A�(x))
�
( µ A⇧(x)

⇥
= �

⌥�
µ⇧ := �

⌥
µ�

�
⇧ , (3.96f)

gde argumente ”(x)“ ne moramo pisati, dobijemo:⇤

 µ
 LQED

 ( µ A⇧)
=

 LQED

 A⇧
⌅  µ Fµ⇧ =

q�

4⌃⇥0
�⇤⇤⇤⇤⇧�. (3.96g)

Poredenje (3.96g) sa (3.74) daje
jµ
e :=

q�c
4⌃

�⇤⇤⇤⇤µ�, (3.96h)

4-vektor (prostorne) gustine električne struje. Kombinovana lagranžijanska gustina (3.95) poka-
zuje da, dok se dinamika samih fotona može opisati putem polja Fµ⇧ odnosno �E i �B, lagranžijanski
opis interakcije sa naelektrisanim česticama zahteva korǐsćenje kalibracionog 4-vektorskog potenci-
jala Aµ—mada izvedene jednačine kretanja⇤ (3.96g) i očigledna (Bianchi-eva) posledica (3.82) mogu
da se izraze isključivo preko polja �E i �B.

Digresija 3.9: Variranjem lagranžijana LQED, datog u (3.95), po Aµ, odnosno po �, dobijemo komple-
mentarni i spregnuti sistem Euler-Lagrange-ovih jednačina kretanja:

 µ Fµ⇧ =
q�

4⌃⇥0
�⇤⇤⇤⇤⇧�,

⇧
i h̄c ⇤⇤⇤⇤µ µ � mc21l

⌃
� = q� Aµ⇤⇤⇤⇤

µ�. (3.97a)

Postupak dat u digresiji 3.8 je jednako primenjiv na interakcije proizvoljnih naelektrisanih
čestice sa fotonima: za čestice spina ⇧= 1/2 naravno moramo zameniti Dirac-ovu lagranžijansku
gustinu odgovarajućom lagranžijanskom gustinom ali u kome opet koristimo ”kalibraciono ko-
varijantne izvode“  µ ⇥ Dµ (3.93). Kao uvod i zbog neposrednog interesa, formule ćemo kon-
kretno pisati za letpon/antilepton, odnosno elektron/pozitron. Račun se, medutim, lako primeni
za druge naelektrisane čestice spina 1

2—valja samo zameniti odgovarajuća naelektrisanja i mase.

Elementarity
…the fusion of particles and their interactions
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J.J. !omson (1897): cathode rays thru crossed EM 
"eld so there is no de$ection.

➾ both speed and the charge/mass ratio
➾ “constituents” of cathode rays, e–, have a teeeeeeeensy mass
➾ atom consists of electrons inside a positive lump

E. Rutherford (JJT’s student,1909, H. Geiger & E. Marsden): α-
rays on gold foil; the atom’s positive charge is concentrated in 
a nucleus ~10,000 × smaller than the atom.
Named the proton and created the planetary model.

➾ N. Bohr (ER’s postdoc, 1913): ad hoc quantum model:
Angular momentum H-atoma = (integer) × ħ.

12

Why? B/c that’s what “works.”

Historical Inventory & Lessons
…a telegraphic review
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J. Chadwick (ER & HG’s student,1928–32): experimental 
detection of the neutron and named it.
≤ 1932: only e–, p+ and n0.
Photon:

M. Planck (1900): quantum emission of radiation
A. Einstein (1905): EM radiation quanta = photons
A.H. Compton (1923): Δλ = λC(1–cosθ),  λC =h/mc
G. Lewis (1926): name “photon”
Coulomb’s $eld = “sea” of photons
(condensate, i.e. a collective of photons behaving as one)

13

Historical Inventory & Lessons
…a telegraphic review
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Historical Inventory & Lessons

Until 1924 (de Broiglie) – 1926 (Schrödinger),
the photon particle implied that EM radiation is not a wave
classical interaction: each charged particle has a !eld, 
which instantaneously creates a force on the other particle
interaction mediated by photons:

one particle emits a photon
the photon travels
the other particle absorbs the photon

1932, W. Heisenberg: isospin (& E. Wigner, 1937)
1934, H. Yukawa: strong interaction mediators

14

Nothing here is

instantenous,

nor omnipresent!

…a telegraphic review
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Historical Inventory & Lessons

1934, H. Yukawa: strong interaction has ~10–15 m range

1937 (C.D. Andersen & S.H. Neddermeyer, East
   J.C. Street and E.C. Stevenson, West): mesons
1946, Italy: these do not interact strongly, ~106 MeV/c2

1947, R. Marshak & H. Bethe proposed,
C. Powell (w/C.M.G. La!es, H. Muirhead and G.P. Ochialini)
 μ (~106 MeV/c2) & π (~135 & 140 MeV/c2)

15

48 Chapter 0. Fundamental Physics: Elementary Particles and Processes

plicable and in fact a fundamental idea, which will lead to a unified understanding of all
fundamental interactions [� sections 3 and 4 for details].

With this in mind, and for ease of locution, we will speak of elementary particles, but
implicitly understand the de Broglie’s duality with waves, as well as the essentially more
fundamental but technically more demanding representation by fields the quanta of which
are the elementary particles.

0.3.6 Mesons
Elementary particle physics as described so far had no answer to the obvious question: what
keeps the nucleons (protons and neutrons) within the atomic nucleus? It is clear that this
force cannot be of electromagnetic origin—neutrons are neutral, and protons repel. What’s
more, this strong nuclear force must be stronger than the electromagnetic one, so as to
overpower the Coulomb repelling between protons—at least as long as they are within the
atomic nucleus, i.e., at distances no larger than about ⇥ 10�15 m. However, at distances
much larger than ⇥ 10�15 m, this nuclear force must become negligible even between neu-
trons, and certainly as compared with the Coulomb repelling between protons. Since the
Coulomb force decays uniformly as ⇥ 1/r2, it follows that at distances larger than ⇥ 10�15

the strong nuclear force must decay suddenly, much faster than ⇥ 1/r2.
In 1932, Werner Heisenberg proposed the formalism of isospin (the name itself was

bestowed by Eugene Wigner, in 1937.), to explain the significant similarity between pro-
tons and neutrons: their masses differ only 0.14%, they both have spin-1/2, and the strong
interaction within the atomic nuclei does not differentiate between protons and neutrons.
Heisenberg thus assigned [� section 2.3 for details]:

p+ ⌅⇤ | 1
2 ,+ 1

2 ⇧, and n0 ⌅⇤ | 1
2 ,� 1

2 ⇧, (0.8)

with formal operators �I 2, I3 defined after those of angular momentum [� appendix A], so
that

�I 2| 1
2 ,± 1

2 ⇧ = 1
2 (

1
2+1) | 1

2 ,± 1
2 ⇧, and I3| 1

2 ,± 1
2 ⇧ = ± 1

2 | 1
2 ,± 1

2 ⇧. (0.9)

This modela implies that the exchange of isospin occurs by exchanging the isospin states

|1,+1⇧ : |1,+1⇧| 1
2 ,� 1

2 ⇧ ⇤ | 1
2 ,+ 1

2 ⇧,
|1, 0⇧ : |1, 0⇧| 1

2 ,± 1
2 ⇧ ⇤ | 1

2 ,± 1
2 ⇧,

|1,�1⇧ : |1,�1⇧| 1
2 ,+ 1

2 ⇧ ⇤ | 1
2 ,� 1

2 ⇧,
(0.10)

so that by absorbing the state |1,+1⇧, the state | 1
2 ,� 1

2 ⇧ = |n0⇧ becomes | 1
2 ,+ 1

2 ⇧ = |p+⇧, etc.
In 1934, Hideki Yukawa proposed the potential

V(r) = �g2 e�r/ry

r
(0.11)

where the coefficient g2 is analogous to the product of two electric charges in Coulomb’s
law, and ry is the effective range of the force, for which experiments produce a value of
about ry ⇥ 10�15. Unlike the Coulomb potential that is established by photons—particles
with no mass9, Yukawa’s potential is mediated by particles with mass

m⇥ ⇥ h̄
ryc

, so that m⇥ ⇥ 150–200 MeV/c2, (0.12)

9 For a particle of mass m, we have that E2 = �p2c2 + m2c4; for photons, m� = 0 so that E� = |�p�|c.

D
R

A
FT

—
co

nt
ac

td
ir

ec
tly

Tr
is

ta
n

H
üb
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…a telegraphic review

Tuesday, November 1, 11



Anti-particles
Dirac equation: 1st order in space & time

Solutions with both  E > 0 and E < 0.
States with E < ED are !lled (Pauli’s principle!) = “sea”

“hole” in the sea = antiparticle
A hole in the e– sea ≠ p+ (E. Wigner: e+ ~ e–)
Stückleberg-Feynman: e+ = (e–, backwards in time)

1931 (C. Anderson): e+ is experimentally veri!ed.
Same theory (Dirac equation) then implies an anti-
particle for every spin-½ fermion.
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Historical Inventory & Lessons
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Tuesday, November 1, 11



Crossing symmetry
If the  A + B → C + D reaction exists, so do
A → B + C + D,
A + C → B + D,
C + D → A + B,  etc.
For example:

γ + e–  →  γ + e–    ➾    γ + e+  →  γ + e+

Principle of detailed balance (~ reversing time)
A + B → C + D  ➾  C + D → A + B

!ese principles permit new processes dinamically, 
even if they are kinematically forbidden.

17
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Neutrini
β-decay:  A →  B + e–.
Ee = (mA2 – mB2 + me2) c2/(2mA)
In experiments, this is  max(Ee), and Ee varies.

N. Bohr: maybe energy conservation fails?
W. Pauli: No, but there is a third, invisible particle

the “neutron” name was taken by Chadwick
so E. Fermi named it: “neutrino”

π– → μ– + νμ,  μ– → νμ + e– + νe .
In Powel’s photographs,

μ– veers 90° from π–;  & e– 90° from μ–,

Eμ is %xed in the 1st decay, Ee varies in the 2nd one.

18
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Historical Inventory & Lessons
…a telegraphic review

Lesson: trust

conservation laws!

Tuesday, November 1, 11



Cowan & Raines (1950’s) sought inverse β-decay,
νe + p+ → n0 + e+ in a giant water tank.
Very small effect, so they developed the methodology to 
identify the resulting positron.
Davis & Harmer: is neutrino = anti-neutrino?

No: νe + n0 → p+ + e– happens, νe + n0 → p+ + e–  doesn’t.
1953 (Konopinski i Mahmoud):
 preserved lepton number.
By 1962:

leptons (don’t interact strongly)
hadrons (do interact strongly).

19
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Strange particles
K±, K0, K0  (494 i 498 MeV/c2)

Butler, 1947: K0 → π– + π+.
Powel, 1949: K+ → π– + π+ + π+.
Anderson, 1950: Λ0 → p+ + π–.
Why does p+ → e+ + νe  not happen?

Preserved barion number (Stückelberg 1938.);
Strangenes number (Gell-Mann, 1965.):

preserved in creation (strong int.),
violated in decays (weak int.).

20
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Eightfold way
A puzzle of particles of like masses, plo'ed by charges:

electric
strange

Prediction: Ω– barion (Gell-Mann, early 1960’s)
1964: experimental con"rmation
by ~1963: puzzle is very arbitrary (~7/26)
Final form, using SU(3) symmetry & quarks
For example, no (sss) bound state within the p+ octet,
but yes in the decuplet

21
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Fermions
Spin-½: {(e–,νe),(u,d)},
     {(μ–,νμ),(c,s)},
      {(τ–,ντ),(t,b)}

Bosons
Spin-0: Higgs
Spin-1: γ, W±, Z0, gluons (8)
Spin-2: graviton

And…?

22

“Supstance”}
“Mediators”}

…(at’s all, folks!

lightest
medium
heaviest

copy ?!
Pauli’s exclusion principle applies

Bose-condensate provides the continuous (static) !eld

leptons quarks

Historical Inventory & Lessons
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h!p://www.pbs.org/wgbh/nova/elegant/part-"ash.html
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{Why 3 ?!

Name / EnergyName / EnergyName / Energy Spin Q I3(W)

!e
< 3 eV

!"
< 0.19 MeV

!#
< 18.2 MeV

±½ 0 +½

e
.511 MeV

"
106 MeV

#
1.78 GeV

±½ –1 –½

u,u,u
1.5–4.5 MeV

c,c,c
1.0–1.4 GeV

t,t,t
.17–.18 TeV

±½ +⅔ +½

d,d,d
5.0–8.5 MeV

s,s,s
.08–.15 GeV

b,b,b
4.0–4.5 GeV

±½ –⅓ –½

Plus interaction mediators: photon, W±, Z0, gluon & graviton.
& Higgs particle.
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Interactions

h!p://ebiquity.umbc.edu/blogger/wp-content/uploads/2008/07/socparticles1.png
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Students—such as you—
have, originally “by hand”,
measured and computed 
trajectories, curvatures, 
charges, masses, …

Nowadays, mostly done by 
computers… ☺

…no longer an opportunity 
for a nice summer job… ☹
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Thanks for staying 
awake!
Tristan Hubsch

Department of Physics and Astronomy
Howard University, Washington DC

Prirodno-Matematički Fakultet
Univerzitet u Novom Sadu

http://homepage.mac.com/thubsch/
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